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Abstract 

Formulators are charged with the responsibility to formulate a product which is physically and chemically stable, 
manufacturable, and bioavailable. Most dnigs exhibit stiTJCtuj-a! polymorphisra, and it is preferable to develop the niost 
therniouynamjcally staole pciymorpii of the diiig to assure j eproducibie bioavaiiability of the product over its shelf life under a 
vasioty of real-world storage conditions. There are occasional situations in which the development of a naetastable crystalline or 
amorphous form is justified because a medical benefit is achieved. Such situatioas include those in which a faster dissolution 
rate or higher concentration are desired, in order to achieve rapid absorption and efficacy, or to achieve acceptable systemic 
exposure for a low-solubility drag. Another such situation is one in which the drug remains amorphous despite extensive efforts 
to ciystalllze it If tiiere is no particular medical benefit, there is less justification for accepting the risks of intentional 
development of a raetastable crystalline or amorphous form. Whether or not there is medical benefit, the risks associated with 
development of a metasfabie form must be mitigated by laboratory work which provides assurance tha! (a) the iargesf possible 
form change will have no substantive effect on product quality or bioavailability, and'or (b) a change will not occur under all 
reasonable leal-world storage conditions, and'or (c) analytical methodology and sampling procedures are in place which assure 
that a problem will be detected before dosage forms which have compromised quality or bioavailability can reach patients. 
© 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

The subject of drug polymoiphism has received 

extensive academic and industrial attention since the 
ear.ly pioneering reports of Aguiar and colleagues at 
Parke-Davis, in which effects of polymorphisn> on 
dissolution and bioavaUability were highlighted for 
chioraniphenjcol palmitate [.i,2]. Drug polymorphism 
has been Ihe subject of hundreds of publications and 
numerous excellent reviews. For both aji oven'iew 
and im in-depth analysis of this complex field, see the 
exceUent series of reviews Volume 48 (2001) of 
Advanced Drug Delivery Reviews [4- 9], in "Poly- 
morphism in Pharmaceutical Sciences" edited by 
Brittain [10-1.9], and in "Solid State Chemistry of 
Drugs" by Bym et al. [20]. In addition, two very clear 
reviews/commentaries from the regulatory perspective 
have appeared [21,22]. 

At this point in time, it would be difScult to say 
anything novel about the effects of polymorphism on 
physical stability, chemical stability, manufacturabil- 
ity, or oral absorption tiiat has not been reviewed in 
tlie references quoted above. In many respects, the 
1969 review by Haleblian and McCrone was pre- 
scient in its broad coverage of the issues of poiynior- 
phiism it! pharmaceuticals [23]. In this article, we 
make no effort to review once again the vast literature 
on drug polymorphism. Furthermore, we do not here 
discuss theoretical or experimental details of the 
study of polymorphism. Rather, we attempt to pro- 
vide a practical perspective on the impact of poly- 
morphism on chemical stability, manufacturability, 
and bioavailability, with particular attention to a 
limited number of illustrative cases from our experi- 
ence and the literature. Such a practical perspective 
must involve generalizations for which there are 
occasional exceptions. 



2. Why develop multiple polymorphs? 

It is generally accepted that, during the course of 
development of a drug, the lowest energy crystalline 
pol>'niorph should be identified and chosen for devel- 
opment. This is critically important because tlie post- 
approval appearance of a polymorph with lower 
energy than the marketed polymorph can be cata- 
strophic, as happened with ti-ie HTV protease inhibitor 
ritonavir [24]. For this reason, innovator pharmaceu- 
tical companies expend significant resources on this 
technical issue early in the development of a new 
drug. When executed carefully, the search for the 
. lowest energy polymorph is arduous and time-con- 
suming because (a) a variety of physical and chemical 
measurements must be made, and the stability of 
physical and chemical characteristics must be estab- 
lished in real-time storage models, (b) this search is 
not trivial, because a metastabie polymorph may 
masquerade as the most stable form, and (c) every 
compound is different (i.e. tlse identity and properties 
of polymorphs are not theoretically predictable at 
present}. The search for drug polymorphs is a com- 
plex, empirical exercise, although recent advances in 
autotnation promise to make this activity somewhat 
less labor intensive. 

Tiiere ate ihtee exceptions to the dictum that o.nly 
the most strible poly!no.rp.h should be developed. Tlie 
first is extremely rare: the situation in which the 
lowest energy polymorph is chemically unstable due 
to the juxtaposition of two reactive groups in adjacent 
molecules in the crystal lattice. Such a "topochem- 
ical" reaction can in principle be avoided by identi- 
fication of a crystalline polymorph in which the 
reactive species are no longer spatially close and/or 
oriented in a manner conducive to reaction. We are 
unaware of any examples of this phenomenon in 
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marketed drags. The second exception is becoiTting 
more common, that is, the case of a drug whose 
absorption is solubility-limited and thus cannot 
achieve the systeinic exposure required for therapy. 
In this Ciise, a more soluble form of the drug is desired 
to deliver the therapeutic dose. The third exception is 
the situation in which it is desired to increase the 
dissolution rate of a drug to shorten Trmx and/or 
increase Cmax in order to bring quick relief for acute 
symptoms. 

In the authors' opinion, when confronted with low 
solubility or the desire to decrease or increase 
Cmax. it is generally more productive to develop a 
stabilized amorphous form than a metastable crystal- 
line polymorph. This will be discussed in more detail 
below. 

In each of these three exceptions, a metastable 
polymorph or amorphous form is developed to pro- 
vide a medical benefit. 

If there is a desire to develop a metastabie poly- 
morph or amorphous form for a reason which does not 
provide a medical benefit, e.g. for tnanufacturing ease 
or for some other business reason, then the developer 
must assure that there is no significant risk to the 
patient. A rigorous laboratory-based analysis of the 
risks involved must be undertaken. This is of course 
also true when there is a medical benejfit. In the 
sections below, we discuss the issues involved in the 
development of metastable polymorphs and amor- 
phous forms, and their potential practical significance. 



3. Chemical stability of polymorphs and 

amorphous forms 

The polymorphs {or pseudopolymorphs) of .some 
dj'ugs have been shown to exhibit different chemical 
stability. Examples are carbamezepine [25], paroxe- 
tine inaleate [26], indomethacin [27], methypredniso- 
lone [28], flirosemide [29], and enalaprii maleate [30]. 
For example, the photodecay of form K of caibame- 
zepine was 5- and 1.5-fold fester than forriis I and III, 
respectively [25]. In addition to a change in the rate of 
decay, polymorphism may also affect the mechanism 
of decay, as observed in the reactivity of different 
polymorphs of cinnamic acid derivatives [31]. 

It is generally observed that the more therraody- 
namicaUy stable polymorph is more chemically stable 



thiiTi a metastabie polymorph. This has generally been 
attributed to higher crystal packing density of the 
thermodynamically favored polymorph (i.e., the 
"density rule"), but recent iBvestigation suggests that 
otlier factors, such as optimized orientation of mole- 
cules, and H-bonds and non-hydrogen bonds in the 
crystal lattice play a more impoitant role. Relatively 
small changes in crystal packing may lead to signif- 
icant differences in the crystal packing density and 
chemical reactivity of two polymorphs, as indometh- 
acin polymorphs [27]. Indomethacin can exist as the 
metastable a-form and thermodynamically favored 7- 
fonn. As an exception to the density rule, the density 
of metastable a-form (1.42 g/mL) is higher than that 
of the 7-forai (1.37 g/mL), suggesting tighter packing 
of the less stable polymorph. Although the metastable 
a-form has higher density, the a-form rapidly reacts 
with ammonia vapor while tlse 7-fonTi is inert to 
amnionia. The lack in c;on'elalion betweers higher 
packing density and lower reactivity of the indometh- 
acin polymorphs is due to the differences in crystal 
paci<ijig,/hydrogen banding. Higher density of the a- 
foiTn is due to tlie presence ofone extra M-botsd in the 
crystal lattice. Tht differences in H-bonding and the 
crystal packing (two centrosymmetric carboxylic 
groups in a-form vs. three asymmetric molecules in 
7-form) leads to a layer motif in the a-form that 
exposes the reactive carboxylic acid group to the 
crystal face, while in the 7-form, H-bonded carboxylic 
acid groups are buried in a hydrophobic cage, 
accessibility of the reactive caiboxyUc acid groups in 
the a-tbrm combined with the weak H-bond of one 
carboxylic acid group leads to higher reactivity of the 
a-form [27]. 

The intriiisic difference in chemical stability be- 
tween two polymorphs, e.g. a- and 7-indomethacin, 
cannot be overcome, but a less chemically stable 
polymorph can often be foimulated in a way which 
results iti acceptable shelf-iifc. 

In comparison to crystalline polymorphs, tiie atnor- 
phous form of a drug is generally expected to be less 
chemically stable due to the lack of a three dimen- 
sional crystalline lattice, higher free volume and 
greater molecular mobility. The chemical stability of 
amorphous systems has been discussed in detail 
elsewhere [20,32-35]. As early as 1965, amorphous 
penicillin G was shown to be less stable than the 
crystalline sodium and potassium salts [36]. Physical 
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change of amorphous niolecuies from a glassy state 
(at T<Tg) to a more mobiie supercooied liqLiid state 
(at r>7"g) may further decrease chemicai stability. For 
example, Asn-hexapeptide was found to be 10 -100- 
fold more stable in the glassy state conipat^d to its 
supercooled liquid state [37,38]. In addition to iiigher 
reactivity, the mechanism of degradation may be 
different in crystalline versus disordered materials. 
For example, methyl transfer was the major reaction 
pathway in unmilled crystalline tetraglycine methyl 
ester (TGME), while polycondensation was the major 
reaction pathway in milled TGME [39]. This change 
in mechanism fiwm methyl transfer to polycondensa- 
tion upon milling may be due to the creation of a 
disordered state with higher free volume where mol- 
ecules can undergo the much higher change in orien- 
tation that is needed for the polycondensation reaction 
[39]. 

It should be pointed out that a major portion of any 
formulation effort is the choice of excipients and 
processes which minimize the chem.ical instability of 
the drug. If a metastable polytnorph (or amorphous 
form) is less chemically stable tlian the lowest energy 
form of the drug, then in many cases it will be 
possible to maximize the chemical stability of this 
metastable form through judicious formulation deci- 
sions [40-45]. Thus reduced chemical stability of a 
metastable crystalline or amorphous drug form does 
not necessarily preclude its development as a product. 

For a more in-depth review of chemical stability 
and drug physical state, see Bym et al. [9,20]. 



4. Mechanical properties of poiynjorphs and 
amorphous drsig forms 

Polymorphism can affect ihe mechanicai properties 
of drug particles, and thus may impact tije manufac- 
tisrabiiity aiid physical attributes of tablets. For exam- 
ple, polymorphs of metoproiol tartrate [46], 
paracetamol [47-50], sulfemerazine [51], phenobar- 
bitone [52], carbamazepine [53,54], phenylbutazone 
[55] and other drugs have been shown to exhibit 
different mechanical properties. A common effect of 
polymorphism is alteration of powder flow due to the 
difference in particle morphology of two polymorphs. 
Polymorphs with needle- or rod-shaped particles may 
have poor flow compared to polymorphs with low 



aspect ratio, e.g. cubic habit or irregular spheres. The 
eflect of polymorphism on other mechanical proper- 
ties, such as hardness, yield pressure, elasticity, com- 
pressibility ant: bonding stren.crtb is more complex. 

A simple general rule, although senii-empiricai, 
proposed more tha;-! 20 years ago by Susnmers et al. 
can be used to predict the effect of crystal packing of 
polymorphs on their compressibility and bonding 
strength [55,56]. The more stable polymorph, due to 
its higher packing density, is expected to form stron- 
ger interpmlicle bonds but is harder to deform 
[46,55,56]. Since an increase in tlie bonding surfece 
area resulting from deformation of particles may have 
higher impact on tablet sti«ngth than interparticle 
bond strength, the more stable of two polymorphs 
may provide weaker tablets. The mechanical proper- 
tie-i of two enantiotropic polymorphs of metoproiol 
tartrate, metastable form I and the more stable form H 
(at room temperatm-c), are consistent witli \im rule 
[46|. The porosity of pure di'ug tablets and yield 
pressure for fonn I were lower than for form II, 
suggesting thai the less dense meta.slable form 1 may 
have less strength in the crystal lattice and be easier to 
deform. Form 1 also had higher elastic recoveiy, 
probably due to higher elasticity of form I and/or 
lower porosity of the tablets. As predicted, the tablets 
of the metastable form I were stronger at low pres- 
sures than those of form II, probably due to the higher 
compressibility of form I. 

Factors other than those accounted for by the 
general rule proposed by Summers et al. may also 
affect ihe mechanicai properties of two polymorphs. 
For example, tiie presence of slip planes in sorm I of 
sulfamerazine was found to be the reason for its 
higher plasticity than form 11, the more stable form 
at room temperature [51]. This higher plasticity results 
in greater compressibility and tabletability. The 
autliors of this study generalized tins observation 
and suggested thai crystals with slip planes would 
be expected to have superior tableting perfonnance 
[51]. RecetJtly, a fundamental atom-atom potential 
model simulation was used to predict a few mechan- 
ical properties of sulfathiazole and carbamezepine 
polymorphs [53]. More fundamental research in this 
area will improve our ability to predict the effect of 
polymorphism on mechanical properties. 

For amorphous drug forms, mechanical properties 
may be different from those of crystalline drug due to 
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the absence of long range packing. The rnecSianical 
attributes of amorphous forms are less well under- 
stood than those of cry'Staliine polymorphs. Tne iack 
of infonnatioi! on mechanical properties of amor- 
phous drugs may be due to the physical and chemical 
instability of these forms, leading to reluctance in 
developing an amorphous form for a commercial drug 
product. Thus, an evaluation of mechanical properties 
of amorphous drugs is not routinely investigated in 
the phannaceutical industry. One report comparing the 
mechanical properties of crystalline and amorphous 
forms of a model drug was published last year [57]. 
Compacts of asnorphous material had higher brittle- 
ness and elasticity, and lower ductility than compacts 
prepared with the crystalline form. 

Differences in the mechanical properties of two 
polymorphs or amorphous versus crystalline forms 
may or may not affect the manufactursibility and 
physical attributes of Uiblets. For example, in the 
case of metoprolol tartrate, the diflirerices in the 
mechanical properties of two polymorphs did not 
ai&ct the bondiiig properties of tablets with relatively 
high drug loading [46]. The extent of the difference in 
the mechanical properties of two polymorphs, the 
drug loading, the robustness of each manufacturing 
step and the absolute value of the mechanical prop- 
erty undergoing change may be important parameters 
to consider while assessLng the impact of poiyTOor- 
pliisrn on manufiictiirability and physical attributes of 
tablets. 

In sosne cases the favorable mechanical properties 
of one ptilymorph, even a metastable one, may be 
used to develop a more desirable process to manufac- 
ture tablets. For example, direct compression may be 
used to manufacture tablets with the more compress- 
ible orthoihombic fonn H of paracetamol instead of 
using more resource intensive granulation processes 
for monoclinic form I [47,50]. However, development 
of a metastable form for processing advantage should 
only be undertaken for drugs for which a very 
complete understanding exists with respect to form- 
dependent chemical stability, physical stability, and 
most importantly, bioavailability. This will typically 
be the case only for very old, highly studied, drugs. 

As discussed above for chemical stability, manu- 
facturability deficits of a particular polymorph may be 
overcome tiirough judicious selection of excipients 
and processes. If a stable polymorph has problematic 
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niechanical properties, this certamly does not precksde 
its development. It is msich triore preferable to use 
excipients; and processing to overcome the mechanical 
deficits of a stable polynsorph thats to develop an 
unstable polymorph because of its better mechanical 
properties. 

For a review of the effects of processing (e.g. 
tableting) on drug form, see Morris at al. [8] and 
Brittain and Fiese [17]. For a discussion of the use of 
excipients to compensate for the physical properties of 
drugs in foimulations, see Amidon [58]. 



5. Bioavailability of polymorphs 

There are many reports of polymorph-dependent 
bioavailability and'or absorption rate, with much of 
this work done in animals. See for example animal 
studies of cMoramphenjcol p.iiinit,jtc [59], phenylbu- 
tazone [50], amobarbitol [61], cimetidine [62], 6- 
mercaptopurine [63], and chlortetracycline [64]. For 
the purpose of the present analysis, we consider only 
human studies in detail. 

5.1. Effects of polymorphism on (Hssolution and oral 
drug absorption in human.i 

Among the best known cases involving human 
dosing are those of chioramphcmcol paimsiate, mefe- 
namic acid, oxytetracycisne, and carbarnazepine. 
These observations are quite old, havitsg been 
reported m the 1950s and 1960s. For example, .Agusar 
et al. [!] demonstrated that absorption of ciiloram- 
phenicol palniitate polymorph B was significantly 
greater than absorption of polymoiph A in hmnans. 
Peak chloramphenicol serum levels were linearly 
proportional to the percentage of Form B in Fonn 
A/Form B mixtures. Chloramphenicol palmitate is a 
prodrug of chloramphenicol, which was prepared to 
provide a tasteless derivative [65]. Glazko et al. [66] 
reported that chloramphenicol pahnitate must be hy- 
drolyzed by intestinal esterases before the drug could 
be absorbed. Aguiar and colleagues demonstrated that 
in vitro hydrolysis of this prodrug by pancreatin was 
polymorph dependent, with significant hydrolysis of 
polymorph B and little hydrolysis of polymorph A. 
Aguiar and Zelmer [2] demonstrated that Form B 
dissolves faster than Form A, and has a much higher 
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soiubility. Thh soiiibility differeiice probably results 
in the difference in ester hydrolysis rates, and ulti- 
mately the difference in oral absorption. 

Agular and Zelmer [2] also reported on human 
absorption of two polymorphs of mefenamic acid. In 
this case, the two polymorphs gave almost identical 
blood levels. Aguiar and Zelmer calculated a free 
energy difference (AGr) of -251 cal/mol between 
the two mefenamic acid polymorphs, where 

AG4- =RT\n (Solubility A/SolubUity B) 

In a siiTiilar manner, they calculated a free energy 
difference of - 774 cal/'mol between polymorphs A 
and B of chlorarrsphenicol palmitate. These authors 
pointed out the correlation between tlie free energy 
difference and the observation of a poSyniorph-de- 
rived bioavailability difference (seen for chloram- 
phenicol pairnitate but not for mefenamic acid). 
However, tlie sitisation is clearly complicated by the 
issue of hydrolysis of the palmitate moiety ijn the 
lumen for chloramphenicol palmitate. 

Brice and Hammer [67] reported in 1969 that oral 
dosing of 16 lots of oxy tetracycline capsules from 13 
suppliers gave drug blood levels which were lower 
than the innovator product. Seven of the lots gave 
oxytetracycline blood levels which were lower than 
the generally accepted minimum therapeutic level. 
Blood levels were generally correlated with in vitro 
dissolution rate. Groves subsequently reported large 
differences in in vitro dissolution performance of 
OKytetracycline tablets from various sources [681. 
These studies made no attempt to relate dissolution 
observations to oxytetracycline polymorphistn, an<j 
the observed differences may have resulted from 
differing formulations rather than differing poly- 
morphs. Recently, Liebenberg et al. [69] compared 
six bulk oxytetracycline samples which met USP 
specifications, and noted that four of these contained 
one polymorph while the other two contained a 
different polymorph (form A). Tablets prepared from 
the form A polymorph dissolved significantly more 
slowly than the others in 0. 1 M HCl. For example, the 
form A tablets exhibited ~ 55% dissolution at 30 
min, while !he others exhibited complete (-95%) 
dissolution at 30 triin. 

The drug carbamazepine exhibits polymorphism 
and product-to-product dissolution and bioavailabili- 



ty differences, but a connection between these phe- 
nomena has not been directly experimentally 
demonstrated. Kahela et al. [70] reported that the 
anhydrous and diliydrate fonns of carbamazepine 
exhibited very similar phannacokinetics in humans. 
While the anhydrous form exhibited slower in vitro 
dissolution than the dihydrate in 0.1 M HCl, inclu- 
sion of 0.01% polysorbate 80 in the dissolution 
medium essentially eliminated tliis difference. An- 
other study by Jumao-as et al. [71] demonstrated no 
difference in bioavailability between a generic carba- 
mazepine product and the innovator product. Regard- 
less, carbamazepine therapy witli some products has 
been reported to be problematic [72,73]. Meyer et al. 
[74] reported on in vitro/in vivo studies of three out 
of 53 batches of generic cm-bamazepine tablets which 
were recalled (Sue to cH.nical failures and dissolution 
changes. Ijn vitro dissolution testing, catried out in 
water containing 1% sodium lauryl sulfate, revealed 
that two of the batches dissolved more slowly than 
the innovator product, and one batch dissolved more 
quickly. While the innovator product gave ~ 95% 
dissolution in 90 min in this medium, the slower 
generic batches gave ~ 35% and 75% dissolution. In 
humans, the generic batches gave mean relative 
AUCs (relative to the innovator) of 60-113%, with 
the same rank order observed in the in vitro disso- 
lution behavior. It was suggested that moisture up- 
take during storage and pailicle size differences may 
have been involved in the irreproducible behavior of 
the generic tablets of this practically insoluble dnjg. 
It is known that aiihydrous carbamazepine converts 
to the dihydrate quickly, e.g. completely withiti i h, 
when the aishydrous form is suspended in water [75]. 

The mechanistic uncertainty in these examples (i.e. 
whether drug physical form was involved in tlie 
observed dissolution or bioavailability differences) 
results from the lack of spectroscopic data which 
can identify the drug polymorph in a complex dosage 
form. Modem techniques such a.s ss-NMR and MR 
can identify polymorphs in dosage forms (within 
limits), ;ind should facilitate increased mechanistic 
underetaiiding in future studies. 

It is clear that for some drugs, tliere will be 
polymorph-dependent bioavailability. For a larger 
group, there will be polymorph-dependent absorption 
rate, reflected in in vivo Cmax- For some pairs of 
polymorphs, there will be pharmacokinetic bioequi- 
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valence. As described above, in i969 Agaia,r and TabSe i 
Zehner proposed that polymorphs with a large free 

energy difference between tiieni are likely to differ in ^^'^ ^« 
pharmacoicinetic behavior. Tiiis simply reflects a dif- j 

ference in solubility, in addition, polymorphs may — ^- 

exhibit different dissolution rates because of their ^^^^'^ i^'^^;' 

different crystal habits, and this may also contribute g qo4; 

to in vivo absorption rate differences. o.03 [0.04] 

For an excellent in-depth review of the relation- 0.03 [0.04] 

ships between polymorphism and solubDity and dis- Q.03 [0.04] 
solution rate, see Brittain and Grant [16]. 



5.2. TTie role of dose in hioavailability of high energy 
polymorphs 

A significant solubility difference between two 
polymorphs is likely to result in a difference itj oral 
absorption rate, reflected in a differeiice in C„„^. 
Differences in AUC, or oral bioavailability, will occur 
less often, and will depend upon the same iinderiying 
principles which govern the bioavailability differences 
between two unrelated drugs. Drug absorption m&y be 
modeled in a variety of ways [76,77]. A simple 
context in which to discuss this issue is provided by 
the concept of the maximum absorbable dose (MAD) 
[3,78]. The MAD is a conceptual tool which repre- 
sents the quantity of drug which could be absorbed if 
the small intestine could be saturated with drug for 4.5 
h (270 min), the average small intestinal transit time. 

MAD = S xK^x SIWV x SETT 

S, solubility (mg/mi) ;it pH 6. .5; K,, txansintestina) 
absorption rale con.siaisi (riutr'); SWV, small intes- 
tinal water volume (ml); SITT, small intestinal transit 
time (min). 

The solubility at pH 6.5 reflects the solubility in 
the small intestine. Kg, is determined in a rat intes- 
tinal perfusion experiment. In our laboratories, it has 
been observed that the human Ks, is 1.4 times the rat 
K» [79]. SrWV is the amount of water available for 
dissolution, generally accepted to be ~ 250 ml. 
While SIWV and SITT are approximations, moderate 
variations in these parsimeters do not significantly 
affect this analysis. The resultirig MAD is in mg. 
This analysis igttores first pass intestinal and hepatic 
metabolism, which can be saturated, thus affecting 
bioavailability. 



If the intent is to increase bioavailability, it can be 
readily seen that increasing drug solubility wiU result 
jxi increased MAD (Table 1). In general, the range of 
solubiiity differences between polymorphs is typically 

2- 3-fold, due to the relatively small difference in free 
energy betv.'een polymorphs. Thus a higher energy 
polymorph wiih a solubiiity which is 3 x that of the 
lowest energy polymorph may give a systemic expo- 
sure which is 3 X that given by the low energy 
polymorph. As shown in Table 1, for a low human 

of 0.004 min"', and a solubility of 0.01 mg/ml, a 

3- fold increase in solubility only results in a MAD of 
8.1 mg, which would be inadequate if the desired 
absorbed dose were, say, 50 mg. If bioavailability 
were practically governed in this way, there would not 
be much opportunity to Increase tiie bioavailability of 
iow-sohibility drugs by developing a high energy 
polymorph or amorphous fortn. 

In fact, equilibrium solubility may not be very 
relevant for oral absoiption enhancement if poly- 
morphs (or pseiitJopolyniorphs) are physically imsta- 
bie in Use aqueous environment. Instead, intrinsic 
dissolution rate (IDR) and kinetic solubility over 4- 
6 h may be more relevant parameters to consider 
while studying the oral absorption of polymorphs. 
Form changes may sometimes occur during IDR and 
kinetic solubility measurements, but these changes are 
occurring on a timescale relevant for oral absorption, 
i.e. the small intestinal transit time. The kinetic 
solubility of a metastable polymorph over 4-6 h is 
often higher than its equilibrium solubility. The rank 
order of the IDR of polymorphs has been found to 
correlate well with the rank order for oral absorption 
due to tlie fester rate of dissolution of the less stable 
polymorph, leading to higher concentration of drug in 
solution available for absorption. Generally, this may 
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lead to a higher in vivo Cmra, but not a higher AUG, 
imiess the drug is present in suspension throughout its 
smai! intestinal transit time (i.e. the dose is substan- 
tially greater than the MAD calculated for the ther- 
modynamically stable polymorph). In some 
circumstances, the IDR and the achievable metastable 
supersaturation may temporarily provide a maximum 
drug concentration in the intestinal lumen which is in 
excess of the equilibrium solubility of the high energy 
polymorph. If the drug does not rapidly precipitate in 
the GI ksnien, then the achievable MAD can conceiv- 
ably be very large. 

■Although IDR may be a good single parameter to 
describe relative dissolution rate.s of two polyn!oq>hs, 
this does liot take i.nto accoimt other factois that nvay 
govern oral absoiption, namely, rate of conversion of 
one polymorph to another less soluble polyrrsorph in 
tlie GI lumen, and the resulting precipitation of drug 
in the GI fluid. It is generally not possible to theoret- 
ically predict the degree of supersaturation of drug 
from a metastable polymorph or amorphous form, or 
the kinetics of physical conversion of one polymorph 
to another. However, these processes may be quanti- 
fied by comparing the extent of supersaturation in 
model GI fluid according to Eq. (I), and more 
importantly Eq. (2): 

Supersaturated concentration ratio (SCR) 

= Cmax, form l/Cmax, fotin 2 (1) 

Supersaturated AUG ratio (SAR) 
= AUCf„„, i/AUCfo™ 2 (2) 

where Cmax, form 1 and Cma, form 2 are the in vitro 
maximum concentrations of drug in solution from 

forms 1 and 2, respectively; and AUCfo™ i and 
AUCfonu 2 are the areas under the in vitro drug 
concentration versus time curve over, say, 6 h, for 
forms 1 and 2, respectively. If a high dose (in 
substanliai excess of the MAD for the stable poly- 
morph) is dosed, and supersaturatiot! is maintained for 
a long tinje, e.g. 6 h, while drug is absorbed, then the 
potential exists to achieve absorption of an amount of 
drug much higher than the MAD for the stable 
polymorph. 

The greatest eftect of dissolution rate and super- 
saturation of drug from a polymorph or amorphous 



fonxi is expected for compounds with high permeabil- 
ity and low .solubility relative to dose (i.e, BCS class D 
compounds, where the administered dose will remain 
as a suspension for most of the absorption period). For 
solutes where the dose is expected to be very soluble 
in the GI fluid (i.e. BCS class I and III compounds) 
there may be no, or minimal differences in the AUG 
of polymorphs because solubility is not expected to be 
rate limiting in oral absorption. 

5.3. Potential effects of pky.sical instability of a 
meta.stahle polymorph on oral ab.iorption 

Developing a bioeqijivaleni product with a meta- 
stable form may not be easy, but in some cases it may 
be possible usiiig forrnuJaiion methods to achieve a 
bioequivaletit .AUG. Et may be trickier, but possible, to 
blunt the higiier pharmacokinetic Cmax which results 
from the higher dissolution rate of the metastable 
form. Thus, it may be possible to develop a formula- 
tion with a metastable drug fomi which is bioequiva- 
lent to the innovator formulation containing the 
thermodynamically most stable form. For some drugs, 
there is a potential danger that bioavailability could be 
lost if the metastable form converts to the more stable 
foras diinng tlie shelf-life of the product. This is 
tllustraied in Table 2. A metastable drug form may 
be formulated in a product (e.g. tablet) which has the 
same dissolution rate ( Y) as a formulation of the stable 
drug form. Of course the a)etastable drug product will 
have to be formulated in a way v/hich slows the drug 
dissolution rate. If the metastable form converts to the 
stable form in the product on storage, then the 
dissolution rate may decrease and in vivo performance 
may be compromised. This compromised in vivo 
performance may involve increased pharmacokinetic 



Tabic 2 

Potential pcrfoimaisce changes on stcnge of a dosage forra 
contaioisg a metasUible drag fonn 

Drug form IDR Dissolution rate Dissolution rate in 
in fomiuiation in fonauiated product after storage 

product if metastable fonn 

converts to stable 

Metastable X-ytkX Y Y~^Y 
Stable X Y Y 
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variability and, more extremely, decreased Cma, and 
bioavailability. 

As an example, phenylbutazone Fomi C exliibits 
a dissolution rate and soiubiiity v^hich are 1 .5 x and 
1.2 X that of Form A, respectively [80]. On storage 
at 40 °C for 12 months, Form C was converted to 
60% Form A. As another example, various marketed 
tablet formulations of glibenclamide have been 
shown to exhibit differing in vitro dissolution [81]. 
Giibenclamide exliibits forms which differ greater 
than !0-foid in soiubiiity in simulated gastric fluid 
[82]. However, for glibenclamide the connection 
between product-to-product variability and polymor- 
phism has not been directly demonstrated, but pro- 
vides a possible explanation. 



6. Dosage form decision 

6.1. Metantahle cry.italline polymorph versu.1 amor- 
phous form 

As discussed above, metastable crystalline poly- 
morphs and amorphous forms may be less chemically 

stable and potentially possess different (in some cases 
less desirable) niechajiicai propeities than the related 
stable cr>'StaUine fonn. These potential problems can 
in theory be sol ved by judicious choice of excipients 
and appropriate formulation strategies. In addition to 
chemical instability and mechanical properties, phys- 
ical stability of tfie drug during product shelf life is of 
paramount importance it! developing a drug product. 
A change in physical form can not only affect chem- 
ical stability and mechanical attributes of tablets, but 
much more importantly can compromise tlie o.ral 
absorption of a drug via a change in solubility. 

Physical stabilization of intrinsically physically 
unstable crystalline polymorphs is a challenge be- 
cause, by definition, the use of additives for improve- 
ment of physical stability involves a two phase system 
(polymorph and stabilizer) where the drug molecules 
are not in intimate contact with the stabilizer. Fuitlicr- 
more, physical conversiosi can be relatively precipi- 
tous, and exceptional care must be taken to design 
stability studies which cover all reasonable real-world 
conditions which such a formulation may encounter 
(e.g. temperature cycling). There is a need for in- 
creased understanding of stabilization of metastable 
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crystalline ibrns.';, and research m this area is sorely 
needed if practical solutions are to be found. 

Amorphous forms are of course also physically 
un.stable. For an introduction to Ae literature and 
general concepts on the physical stability of amor- 
phous forms see Yu [5], Yoshioka et al. [83], and 
Crowley and Zografi [84]. Physical stabilization of 
amorphous forms is possible in some situations by 
generating intimate contact between the amorphou.'s 
drug and the stabilizer by creating a drug/stabilizer 
dispersion [85 -88]. The use of such dispersions, 
pailicularly wit!) polymers, to intentionally enhance 
drug soiubiiity has been known for many years 
[89,90], and practical formulations which achieve 
facile low-solubi!iiy drug dissolution and supersatu- 
ration have recently been descnbed [91,92]. 'ITie 
identification of phanTiaceutically acceptable stabil- 
izers and processes which can inhibit solid state 
crystallization for a reasonable shelf-life is also a 
recent development [86]. 

While stabilized amorphous forms can sometimes 
be developed for intentional bioavailability improve- 
ment, the use of such forms to provide a dosage form 
which is bioequivalent to the stable drug crystalline 
form would be difficult, but perhaps possible in 
certain situations. 



7. Solvates and hydrates 

In general, the analysis provided above for the 
behavior of polymorphs also applies to meta.siiibie 
solvates and hydrates. For e.\amp!c, the dissolution 
rate and solubility of a drug can differ significantly 
for different solvates. Glibenclamide has been isolat- 
ed as pentanol and toluene solvates, and these 
solvates exhibit higher soiubiiity and dissolution rate 
than two non-solvated polymorphs [93]. In formula- 
tion of solvates (other than hydrates), the formulator 
must be careful to address the toxicity of the asso- 
ciated solvent, and carefully evaluate interactions of 
the drug and mobile solvent molecules with exci- 
pients on storage, which may result in compromised 
performance. 

Sirnalar to polymorphs in general, the physical 
stiibiiity of hydrates and anhydrous fonns may depend 
upon the relative humidity and/or temperature of the 
environment, and the most stable form may switch as 
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the huraidity/teniperature is vark-d. AiiViydrojs to 
hydrate transitions can occur dsiring dissolution at 
the drug/medium interface and can afiect dissolution 
rate and perhaps bioavailability. Discussion of these 
issues is beyond the intended scope of this review. 

Pharmaceutical solvates and hydrates have been 
reviewed by Morris [13], and hydrates have been 
reviewed by Khankari and Grant [94]. 



8. Conclusions 

In principle, any polymorph or hydrate/solvate or 
amorphous fomi of a drug can be appropriately 
forraulated. In practice, for some drugs constraints 
may be encountered. In general, the following con- 
clusions are drawn fiom the literature and the expe- 
rience of the authors: 

1. It is always advisable to identify Uie lowest energy 
crystalline polymorph of a drug candidate during 
development, and to develop this form. While this 
form may not be the most processable form 
available, processing deficits can almost always 
be overcome with judicious choice of excipients 
and fonnulation processes. Hie lowest energy 
polymorph is almost always the most chemically 
stable form, and will not convert to another 
polymorph during storage as drug product. Of 
course, care must be taken to avoid conversion 
during processing to a physically metastable, 
perhaps chemically unstable, fonn. 

2. Metastable crystalline polymorphs may be less 
chemically stable than the most physically stable 
crystalline form. Likev/ise, amorphous drug forms 
will generally be less chemically stable than the 
most physically stable form. It is often possible to 
improve chemical stability of such forms through 
judicious choice of excipients and formulation 
processes. 

3. If a developer is precluded from developing the 
lowest energy drug form, for medical benefit or 
otherwise, it is preferable to develop a stabilized 
amorphous form, e.g. as a dispersion. Develop- 
ment of a metastable cry.stalline or amorphous 
form as a standard physical mixture or granulation 
with excipients is less preferable, because it is 
difficult to guarantee that such a formulation will 



resist form changes on storage. If the metastable 
form converts to the stable less soluble form in the 
dosage form on storage, then in vivo Cma^ will 
almost certainly decrease, and in vivo AUC may 
also decrease dependuig upon where the drug lies 
in dose -solubihty- permeability space. However, 
there will be occasional exceptions in which an 
unstabilized amorphous or metastable crystalline 
polymorph will be physically stable over the shelf- 
life of a formulation. 

In the end, the manufacturer, whether innovator or 
generic, must guarantee the quality and bioavailability 
of Lhe dosage foim. It is highly desirable that the drug 
physical form not change over the storage life of the 
drjg product. If the physical form does change, or if it 
coaid change, then the manufacturer must provide 
assurance (a) tiiat the largest possible change would 
have no substantive effect on product quality or 
bioavailability, and/or (b) that extensive scientific 
study of the formulation guarantees that a change will 
not occur under all reasonable real-world storage 
conditions, and/or (c) that analytical methodology 
and sampling procedures are in place which guarantee 
that a problem will be detected before dosage fonns 
which have compromised quality or bioavailability 
can reach patients. 
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